ABSTRACT Yeast cytochrome oxidase (COX) was previously inferred to assemble from three modules, each containing one of the three mitochondrially encoded subunits and a different subset of the eight nuclear gene products that make up this respiratory complex. Pull-down assays of pulse-labeled mitochondria enabled us to characterize Cox3p subassemblies that behave as COX precursors and contain Cox4p, Cox7p, and Cox13p. Surprisingly, Cox4p is a constituent of two other complexes, one of which was previously proposed to be an intermediate of Cox1p biogenesis. This suggests that Cox4p, which contacts Cox1p and Cox3p in the holoenzyme, can be incorporated into COX by two alternative pathways. In addition to subunits of COX, some Cox3p intermediates contain Rcf1p, a protein associated with the supercomplex that stabilizes the interaction of COX with the bc1 (ubiquinol-cytochrome c reductase) complex. Finally, our results indicate that although assembly of the Cox1p module is not contingent on the presence of Cox3p, the converse is not true, as none of the Cox3p subassemblies were detected in a mutant blocked in translation of Cox1p. These studies support our proposal that Cox3p and Cox1p are separate assembly modules with unique compositions of ancillary factors and subunits derived from the nuclear genome.
INTRODUCTION
Yeast cytochrome oxidase (COX) is a genetic hybrid consisting of a three-subunit catalytic core encoded by mitochondrial genes and eight other subunits that are all products of nuclear genes. The balanced output of COX proteins expressed in two separate subcellular compartments is achieved through regulation of mitochondrial translation of Cox1p, one of the core subunits (Perez-Martinez et al., 2003 , 2009 Barrientos et al., 2004; Pierrel et al., 2007; Mick et al., 2010; Fontanesi et al., 2010 Fontanesi et al., , 2011 . Mss51p, a translation activator of the COX1 mRNA, plays a central role in this mechanism by virtue of its ability to bind to the product Cox1p (Perez-Martinez et al., 2003) . When bound to Cox1p, Mss51p is prevented from exercising its function in translation until it is released at a downstream assembly step involving the dissolution of the Cox1p-Mss51p complex (Barrientos et al., 2004; Mick et al., 2011) . This complex has been shown to also contain subunits Cox5ap, Cox6p, and Cox8p of COX (Mick et al., 2007; Fontanesi et al., 2010; McStay et al., 2013c) and the accessory factors Cox14p, Coa3p, and Coa1p that are believed to stabilize the complex (Barrientos et al., 2004; Pierrel et al., 2007; Mick et al., 2010; Fontanesi et al., 2011) and prevent Cox1p from forming unproductive aggregates (McStay et al., 2013b) . We recently reported the existence in yeast mitochondria of five Cox1p complexes, designated as D1-D5, that differ in their compositions of COX subunits and accessory factors and in pulse-chase experiments behave as precursors of COX (McStay et al., 2013c) . The finding that none of the intermediates contained the core subunits Cox2p and Cox3p led us to propose that COX is assembled from three different modules, each consisting of a mitochondrially translated core subunit and a unique set of nuclear-encoded subunits (McStay et al., 2013c) .
The present study was undertaken to further verify the modular model of COX assembly. Using the same approach that enabled us to identify Cox1p intermediates, we present evidence that Cox3p transitions through a series of intermediates that contain a subset of nuclear gene products distinct from those present in the Cox1p module. The subunits associated with the Cox3p module make direct contact with Cox3p in the holoenzyme, lending support to the W303-1A. The presence of a strong radiolabeled band at the position of cytochrome b indicated that some of this newly translated protein had been incorporated into the supercomplexes and was coimmunoadsorbed with Cox3p-HAC on the antibody beads. In Saccharomyces cerevisiae the major supercomplex (respirasome) consists of the bc1 complex (ubiquinol-cytochrome c reductase) and COX in a 2:2 ratio (Heinemeyer et al., 2007; Mileykovskaya et al., 2012) . A second, less abundant supercomplex is also observed on native gels with a 2:1 ratio of bc1 to COX. The incorporation of cytochrome b into the supercomplexes in mitochondria of cells that are incubated in the presence of chloramphenicol was also reported in coimmunoprecipitates of strains expressing Cox1p-HAC (McStay et al., 2013c) .
Cox3p-HAC eluted from the protein C antibody beads contained two radiolabeled bands of ∼200 and 230 kDa referred to as C2 and C3, respectively. A less-well-labeled third band of 300 kDa, C4, was also observed in some experiments. In addition, the mitochondria incorporated the radiolabel into COX and the supercomplexes ( Figure 1B ). The radioactive band between C4 and COX, also seen in the W303-1A control, is probably nonspecifically adsorbed Cox1p intermediate D3, which is much more abundant and highly labeled than any of the Cox3p complexes. The smaller supercomplex with only one COX was more heavily labeled in mitochondria with Cox3p-HAC, probably as a result of an insufficiency of COX in this strain (Figure 1B) . This is also supported by the presence of free bc1 complex in the fraction eluted from the beads. The two-dimensional (2D) gel of the eluate with Cox3p-HAC confirmed that most of the radiolabeled Cox3p-HAC was present in C2 and the supercomplexes, but some also migrated in the regions corresponding to C3, C4, and COX. Although newly translated Cox1p and Cox3p were detected in the supercomplexes, most of the radioactivity in this region was contributed by cytochrome b ( Figure 1C ). To reduce the amount of labeled cytochrome b, which interferes with detection of Cox2p, we isolated mitochondria containing Cox3p-HAC from a strain that was grown without the additional chloramphenicol treatment. SDS-PAGE separation of the fraction eluted from the antibody beads indicated only background levels of cytochrome b, comparable to that seen in the wild-type control (unpublished data). The 2D gel of this fraction confirmed the presence of all three newly translated COX subunits in the supercomplexes. In agreement with previous results with mitochondria expressing Cox1p-HAC (McStay et al., 2013c) , Cox3p was the most highly labeled COX subunit in the supercomplexes ( Figure 1D ).
The precursor-product relationship of C2-C4 to COX was examined by pulse-chase labeling of mitochondria. Because of the very limited incorporation of the radioactive precursors at shorter pulse times, mitochondria were labeled for 5 min followed by 15 and 30 min of chase in the presence of puromycin and excess unlabeled methionine plus cysteine. The eluate from the 5-min pulse revealed, in addition to C2 and C3, a new prominent radiolabeled product (C1) of ∼100 kDa that was only seen as a very faint band with longer pulse times. The chase resulted in reduction of C1-C3 and increase in radiolabel in the two supercomplexes (Figure 1 , E-G).
Based on the radioactivity of the bands seen on native gels, the intermediates with Cox1p-HAC are much more abundant than those with Cox3p-HAC ( Figures 1B and 2A) . The higher steady-state pools of Cox1p intermediates, particularly D3 and D4, act to dilute newly translated and radiolabeled Cox1p. This accounts for what appears to be a less efficient incorporation of Cox1p in COX (supercomplexes) compared with Cox3p (see also McStay et al., 2013c) . Our evidence indicates that the steady-state concentrations of Cox2p intermediates are also considerable higher than those of Cox3p, which notion that the primary interactions between the core subunits and their immediate partners are established before formation of the enzyme core.
RESULTS

Expression of tagged Cox3p
The mitochondrial COX3 gene was modified at the 3′ and separately at the 5′ end to express Cox3p with a C-terminal polyhistidine tag or an N-terminal double tag consisting of the protein C and the hemagglutinin (HA) epitopes (HAC). The hybrid genes were introduced by recombination into a mutant in which COX3 had been replaced with ARG8 m (Steele et al., 1996) . Growth tests indicated that whereas the strain with the C-terminal polyhistidine tag on Cox3p grew as well as wild type on rich glycerol/ethanol, the Nterminal HAC tag on Cox3p elicited a partial growth defect (Supplemental Figure S1A ). The slower growth was paralleled by approximately twofold reduction in mitochondrial cytochrome oxidase, as evidenced by the spectrum of cytochromes a and a 3 (Supplemental Figure S1B ) and the reduced level of Cox3p-HAC in mitochondria (Supplemental Figure S1C ). Cox3p with either the C-terminal polyhistidine or N-terminal HAC tag could be purified on nickel-nitriloacetic acid (unpublished data) and protein C antibody beads, respectively (Supplemental Figure S1D ). Cox3p obtained after solubilization of mitochondria in lauryl maltoside and fractionation of the extract on protein C antibody beads copurified with the other subunits of COX, but this preparation was less pure (Supplemental Figure S1E ) than the one obtained by the same procedure from mitochondria expressing Cox1p-HAC (McStay et al., 2013c) .
Notwithstanding the lower efficiency of COX assembly or instability of Cox3p with the N-terminal HAC tag, this strain proved to be experimentally more suitable for the present studies because of the low background of nonspecific Cox3p adsorption to protein C antibody beads.
Detection of Cox3p intermediates in pulse-and pulse-chaselabeled mitochondria
To identify Cox3p assembly intermediates, we labeled mitochondria of MRS/COX3-HAC and MRSI o /COX3-HAC, each containing the COX3-HAC fusion gene, in vitro with a mixture of [ 35 S]methionine/ cysteine. Both strains had been allowed to incubate for 2 h in chloramphenicol to increase mitochondrial pools of nuclearencoded COX subunits. In subsequent experiments we found that the chloramphenicol incubation did not appreciably enhance either labeling or incorporation of Cox3p into COX, and we used mitochondria from cells that had been grown in rich galactose medium without the chloramphenicol incubation. Mitochondria from the haploid strain W303-1A containing a wild-type mitochondrial genome and from MRSI o /COX1-HAC expressing Cox1p-HAC were also labeled as controls. Mitochondria were extracted with digitonin and Cox3p-HAC or Cox1p-HAC purified on protein C antibody beads. The digitonin extracts and the eluates from the antibody beads were separated by SDS-PAGE and blue native (BN)-PAGE. In agreement with earlier studies, separation of the eluate from the control strain MRSI o /COX1-HAC by SDS-PAGE showed enrichment of radiolabeled Cox1p-HAC, Cox2p, and Cox3p ( Figure 1A ) and of the five previously reported Cox1p intermediates, D1-D5 ( Figure 1B) . The antibody eluates from MRSI o /COX3-HAC and MRS/COX3-HAC, each expressing Cox3p-HAC, were enriched for Cox1p and Cox3p-HAC, which migrated more slowly than the wild-type protein in SDS-PAGE due to the presence of the tag. Although a faint Cox2p band was also present in this fraction, it was comparable to the nonspecific background binding seen in the eluate of can also explain the less than stoichiometric incorporation of this subunit. It is significant that pull-down assays with HAC tagged Cox2p show a more stoichiometric coenrichment of Cox1p, Cox2p, and Cox3p in the supercomplexes (Supplemental Figure S2 ).
Cox4p association with the Cox3p module
Cox4p, one of the nuclear-encoded subunits of COX, interacts with both Cox1p and Cox3p in the holoenzyme (Tsukihara et al., 1996) . Mitochondria from a strain expressing Cox4p-HAC and Cox1p-HAC or Cox3p-HAC as control strains were labeled for 20 min. The antibody eluates purified from mitochondria with either Cox3p-HAC or Cox4p-HAC displayed the same pattern of radiolabeled C2-C4, COX, and supercomplexes ( Figure 2A ). However, there was substantially more COX in the eluate with Cox4p-HAC, which also had a new, broad band that migrated in the region of the Cox1p intermediate D4 (Figure 2A ). The 2D gel of the antibody eluate with Cox4p-HAC confirmed the presence of Cox3p in C2, C4, COX and the supercomplexes but not in the novel band, which was resolved into two S]methionine/cysteine for 20 min as described in Materials and Methods. Digitonin extracts (8% of total) and eluates (17% of total) from the protein C antibody beads were separated by SDS-PAGE on a 17% polyacrylamide gel. Proteins were transferred to nitrocellulose and exposed to x-ray film. (B) The eluates (36% of total) obtained in A from the protein C antibody beads were separated by BN-PAGE on a 4-13% polyacrylamide gel. C2-C4 refers to complexes containing Cox3p-HAC. D1-D5 correspond to previously identified Cox1p intermediates. Proteins were transferred to a polyvinylidene fluoride (PVDF) membrane and exposed to x-ray film. (C) The eluates (36% of total sample) obtained in A from the protein C antibody beads were separated in the first dimension by BN-PAGE on a 4-13% polyacrylamide gel and in the second dimension by SDS-PAGE on a 12% polyacrylamide gel. Proteins were transferred to nitrocellulose and exposed to x-ray film. (D) The wild-type strain W303-1B and aMRS/COX3-HAC were grown to late log phase in YPGal without additional growth in chloramphenicol. Mitochondria were labeled as in A and the eluates from the protein C antibody beads separated in two dimensions as in C. Proteins were transferred to a nitrocellulose membrane and exposed to x-ray film for 4 d. Only the regions with the supercomplexes are shown. The identity of the band above Cox1p in the panel with aMRS/COX3-HAC was not determined. (E, F) Mitochondria (4 mg) from aMRS/ COX3-HAC grown in YPGal without subsequent growth in chloramphenicol medium were labeled in a final volume of 1.25 ml with [ 35 S]methionine/cysteine for 5 min and translation terminated by addition of 24 μg of puromycin and 0.24 μg of methionine plus cysteine. Samples representing 33% of the starting translation mixture were withdrawn at 0, 15, and 30 min after addition of puromycin and cold amino acids. The samples were extracted with digitonin and adsorbed to protein C antibody beads as in A, except that the volumes were increased proportionately to the volume of the extract. The eluates from the antibody beads were separated by SDS-PAGE on a 17% polyacrylamide gel (20% of total) and by BN-PAGE on a 4-13% polyacrylamide gel and radiolabeled protein as in A and B. (G) The C1-C3 and 2[bc1]2[COX] supercomplex bands in E were quantified with a phosphorimager. The radioactivity is expressed as total counts per minute (top) and percentage of the 0-or 30-min chase (bottom). Figure 1A . Half of the eluate from the antibody beads was separated by BN-PAGE on a 4-13% polyacrylamide gel, transferred to a PVDF membrane, and exposed to x-ray film. (B) Half of the eluate obtained from W303/ COX4-HAC was separated by BN-PAGE in the first dimension and by SDS-PAGE on a 12% polyacrylamide gel in the second dimension. Proteins were transferred to nitrocellulose and exposed to x-ray film. (C) W303/COX4-HAC was grown in YPGal without further chloramphenicol treatment. Mitochondria (750 μg of protein) were labeled for 20 min as in Figure 1A and chased for the indicated times after addition of puromycin and cold amino acids. The samples were extracted with digitonin and Cox4p-containing complexes enriched on protein C antibody beads as in Figure 1A . The eluates from the beads were separated by BN-PAGE on a 4-13% polyacrylamide gel, transferred to a PVDF membrane, and exposed to x-ray film. (D) The indicated bands in the pulse-chase experiment of C were quantified with a phosphorimager. (E) Mitochondria of W303/COX4-HAC, were labeled by pulse chase as in D, extracted with digitonin, and purified on protein C antibody beads. The eluates of the samples from the 0-and 30-min chase were separated by BN-PAGE on a 4-13% polyacrylamide gel in the first dimension and by SDS-PAGE on a 12% polyacrylamide gel in the second. Proteins were transferred to nitrocellulose and exposed to x-ray film.
bands (D4-1 and D4-2), both of which contained newly translated Cox1p ( Figure 2B ).
Lauryl maltoside is known to dissociate the two supercomplexes into their component bc1 and COX complexes. Treatment of the eluate with Cox4p-HAC with 1% lauryl maltoside caused most of the radioactivity to collapse into three bands of ∼300, 350, and 150 kDa (Supplemental Figure S3A ). The 300-and 350-kDa bands had COX activity and probably consist of the COX monomer complexed to other proteins. The migration of the smaller radiolabeled band differs from both C1 and C2, but because of the presence of lauryl maltoside, the identity of this band with either cannot be deduced.
The precursor-product relationship of the different Cox3p intermediates and COX was studied by pulse-chase labeling of mitochondria expressing Cox4p-HAC. Notwithstanding the relatively long pulse, the chase resulted in a time-dependent loss of radiolabel from C1 and C2 and an increase of label in COX and the two supercomplexes ( Figure 2 , C and D). Neither C3 nor C4 was sufficiently well labeled and demarcated to be quantified. The eluates obtained after the 0-and 30-min chases were also separated on a 2D gel, which showed loss of radiolabeled Cox3p from C2 and an increase of Cox1p and Cox3p-HAC in COX and the supercomplexes, indicating continued assembly of COX during the 30-min chase ( Figure 2E ). D4-1 and D4-2 also acquired more newly translated Cox1p but not Cox3p during the chase.
The pulse-chase analysis of the COX4-HAC strain was repeated with a shorter pulse time of 2 min. Under these conditions the C1 band was more prominent and was progressively reduced during the 30-min chase ( Figure 3 , B and D-F). The chase also led to a reduction in label from C2 and C4 with a concomitant increase in COX and the supercomplexes ( Figure 3 , B and D-F). It is noteworthy that the short pulse did not elicit incorporation of Cox4p-HAC into either D4-2 or D4-1. The same fractions analyzed by SDS-PAGE revealed that the chase caused an increase of newly translated Cox2p, Cox1p, and cytochrome b and the appearance of a novel band that migrated above Cox1p in the eluates from the PC beads ( Figure 3 , A and C). The identity of this new band is not known.
Composition of the Cox3p assembly module
The Cox3p module was also tested for the presence of Cox7p, Cox9p, Cox12p, and Cox13p. Mutations in the genes coding for these COX subunits elicit a range of different growth phenotypes (Patterson and Poyton, 1986; Calder and McEwen, 1991; Taanman and Capaldi, 1993; McStay et al., 2013a,c) . The HAC tag at the Cterminus of Cox7p does not affect COX assembly or activity (McStay et al., 2013a) . This small subunit, which only contacts Cox3p in the holoenzyme (Tsukihara et al., 1996) , was a good candidate to be present in Cox3p intermediates. This was confirmed by the enrichment of Cox3p-HAC in the eluate from the antibody C beads ( Figure 4A ) and the presence of a radiolabeled band at the position of C2 and of bands more weakly at C1 and C3 ( Figure 4B ). The 2D gel of the eluate from the antibody beads confirmed the presence of newly translated Cox3p in C2, C3, COX, and the supercomplexes ( Figure 4C ). The cox7 mutant harboring the COX1-HAC contained the Cox1p intermediates D1-D5 (Figure 4 , B and D) and, consistent with previous reports, was defective in assembling COX (Aggeler and Capaldi, 1990 ; Figure 4E ). Even though the cox7-null mutant lacks COX and the supercomplexes, the 2D gel indicated the C2 separated into two distinct bands, suggesting that this broad band may be a mixture of intermediates with different compositions that are not always resolved by BN-PAGE. The 20-min chase presence of some radiolabeled Cox3p in the region corresponding to D5, consistent with the presence of Cox3p in this intermediate (Figure 4, B and D) .
After a 5-min pulse, the eluate from the strain expressing Cox7p-HAC was enriched in radiolabeled C1, C2, and the supercomplexes. expressing tagged Cox4p were grown to early stationary phase in YPGal with additional 2 h of growth in YPGal containing 2 mg/ml chloramphenicol. Mitochondria (0.5 mg of protein) were labeled for 2 min as in Figure 1A . Half of the translation mixture was extracted with digitonin immediately after addition of puromycin and cold amino acids (0-min chase). The other half was allowed to incubate for an additional 20 min (20-min chase) before extraction with digitonin. The extracts were purified on protein C antibody beads as in Figure 1A , and samples of the extracts (6% of total) and eluates (PC eluates) from the antibody beads (15% of total) were separated by SDS-PAGE on a 17% polyacrylamide gel and radiolabeled proteins visualized as in Figure 1A . The radiolabeled bands in the eluates are identified in the margin. (B) The remainder of the eluates (80% of total) from A was separated by BN-PAGE on a 4-13% polyacrylamide gel and radiolabeled proteins visualized. (C) Mitochondria of W303/ COX4-HAC were pulse labeled for 2 min and chased for the indicated times as in A before extraction with digitonin. Digitonin extracts were purified on protein C antibody beads and separated by SDS-PAGE on a 17% polyacrylamide gel. (D) Samples purified on antibody beads were separated by BN-PAGE on 4-13% polyacrylamide gel and radiolabeled proteins visualized. (E, F). The radiolabeled bands in D were quantified in a phosphorimager. /COX1-HAC expressing Cox1p with the double HAC tag, W303/COX7-HAC expressing Cox7p with the same tag, and aW303ΔCOX7/COX1-HAC, a respiratory-deficient COX mutant expressing Cox1p with the HAC tag, were grown in YPGal without further growth in chloramphenicol medium. The mitochondria (500 μg of protein) were labeled for 20 min and extracted with digitonin, and the extracts were purified on protein C antibody beads as in Figure 1A . Samples of the digitonin extracts (8% of total) and eluates (17% of total) from the antibody beads (PC eluates) were separated by SDS-PAGE on a 17% polyacrylamide gel (A) and by BN-PAGE on a 4-13% polyacrylamide gel (B) and radiolabeled proteins visualized. (C, D) The eluates from aW303/COX7-HAC and aW303ΔCOX7/ COX1-HAC were separated by BN-PAGE on a 4-13% polyacrylamide gel in the first dimension and a 12% polyacrylamide gel in the second dimension. The Cox3p and Cox1p intermediates are identified above each gel and the different COX subunits in the left-hand margins. (E) Mitochondria (500 μg of protein) from the indicated strains were extracted with digitonin, purified on protein C antibody beads, and separated by BN-PAGE on a 4-13% polyacrylamide gel. The gel was stained for COX activity as described previously (McStay et al., 2013c) . (F) aW303/COX7-HAC mitochondria were labeled as in Figure 1A for 5 min. Half of the translation mixture (0 time) was extracted with digitonin immediately after addition of puromycin and cold amino acids. The other half was chased for 20 min before extraction. Extracts were purified on protein C antibody beads and separated by BN-PAGE on a 4-13% polyacrylamide gel. resulted in loss of C1 and C2 but only a small increase in the supercomplexes ( Figure 4F ). Similar results were obtained when the pulse was increased to 20 min, except that there was much less labeled C1 (Supplemental Figure S4, A and B) .
Mitochondria containing C-terminally tagged Cox9p-HAC, Cox12p-HAC, and Cox13p-HAC were analyzed in the same way. Only the eluate obtained from mitochondria with Cox13p-HAC was found to contain radiolabeled C1-C3, COX, and the two supercomplexes. Although the native gel of the eluate with Cox13p-HAC showed the presence of radioactivity in the region of D4-1 and D4-2, it was too low and heterogeneous to conclude that these complexes were present in this strain ( Figure 5B ). Mitochondria with Cox13p-HAC were pulse labeled for either 5 or 20 min, followed by a chase for up to 30 min. Both visual inspection and quantification of the labeled bands seen with the short pulse time indicated a decrease in C1, C2, and C3 and increase in the larger but not smaller supercomplex ( Figure 5, D and E) . Like the Cox7p-HAC eluate, the radiolabel in the region of C1 appeared to separate into two different-size bands on the native gel. A decrease of labeled C2 and concomitant increase in the supercomplexes was also observed during a chase of 30 min when mitochondria were pulsed for 20 min (Supplemental Figure S4 , B and C).
The poor recovery of Cox9p-HAC and Cox12p-HAC from the antibody beads did not permit these subunits to be assigned to or excluded from the Cox3p module ( Figure 5, A and B) . Unlike the other COX subunits examined in this study, Cox9p was less well adsorbed on the protein C antibody beads ( Figure 5C ). This, combined with the reduced amount of the 2[bc1]2[COX] supercomplex in mitochondria with Cox9p-HAC (McStay et al., 2013c) , could explain the low recovery of this subunit in the antibody eluate. Although most of the Cox12p-HAC in the digitonin extract was adsorbed on the antibody beads ( Figure 5C ), based on the signal strength on the immunoblot, the mitochondrial concentration of this subunit was considerably lower than of the other subunits ( Figure 5C ). We do not know whether the tag prevents assembly and/or stability of Cox12p-HAC.
Characterization of D4-1 and D4-2 in Cox1p-, Cox2p-, and Cox3p-deficient mutants D4-1 and D4-2 are prominent bands in the eluate of the strain expressing Cox4p-HAC but not Cox3p-HAC, Cox7p-HAC, or Cox13p-HAC (Figures 2A, 4B, and 5B). The radioactivity associated with these bands, when resolved by 2D gel electrophoresis, is contributed by Cox1p, as neither contains radiolabeled Cox3p or Cox2p ( Figures 2E and 6C ). To gain better insight into their compositions, we introduced COX4-HAC into mss51-, pet494-, and pet111-null mutants deficient in translation of Cox1p, Cox3p, and Cox2p, respectively. The mutant strains were pulsed for 20 min and Cox4p-HAC purified on protein C antibody beads. The eluate from the respiratory-competent control strain with Cox4p-HAC was enriched for Cox1p, Cox2p, and Cox3p, whereas the eluate from the pet494 mutant contained radiolabeled Cox2p but no significant radiolabeled Cox1p or Cox3p ( Figure 6A ). Only background levels of newly translated COX subunits were present in the eluates of the mss51 and pet111 mutants ( Figure 6, A and E) .
BN-PAGE analysis of the antibody eluates from the pet494 mutant disclosed the absence of C2 and the presence of a band at the position of C3 and of broadly distributed radioactivity spanning the region of C4 to D4-2. In addition, some radiolabeled COX and the smaller of the two supercomplexes were also present ( Figure 6B ). The 2D gel of the eluates confirmed that the newly translated Cox3p in the respiratory-competent strain with Cox4p-HAC was present in Figure 1A . The digitonin extracts (11% of total) and eluates from the antibody beads (13% of total) were separated by SDS-PAGE on a 17% polyacrylamide gel, transferred to nitrocellulose, and exposed to x-ray film. (B) The PC eluates from A (64% of total) were separated by BN-PAGE on a 4-13% polyacrylamide gel and radiolabeled proteins visualized. (C) Mitochondria with the indicated tagged proteins were extracted with digitonin at a final concentration of 2% and purified on protein C antibody beads. Equivalent samples of (Mit), digitonin extracts (Ex), the protein fraction not adsorbed to the beads (FT), and the eluates from the beads (EL), normalized to 10 μg of the starting mitochondrial protein, were separated by SDS-PAGE on a 15% polyacrylamide gel, transferred to nitrocellulose, and probed with a primary rabbit antibody against the protein C tag (GenScript, Piscataway, NJ). The bottom-most panel with the immunoblot of the Cox12p-HAC samples was exposed for 10 times longer than those shown in the top two panels. (D) W303/ COX13-HAC mitochondria were labeled for 5 min as in Figure 1A . Translation was terminated by addition of puromycin and cold amino acids, and a sample representing half of the mixture was immediately removed and extracted with digitonin (0-min chase). The remainder of the translation mixture was incubated for an additional 20 min before extraction with digitonin (20-min chase). The extracts were purified on protein C antibody beads and separated by BN-PAGE on a 4-13% polyacrylamide gel, and radiolabeled proteins were visualized. (E) The radiolabeled bands identified in the native gel of C were quantified with a phosphorimager.
C2, C3, COX, and the supercomplexes ( Figure 6C ). The presence of Cox1p and absence of Cox3p in D4-1 and D4-2 suggests that Cox4p can also interact with late intermediates of Cox1p. The 2D gel of the eluate from the pet494 mutant indicated background amounts of radiolabeled Cox3p, indicating some residual translation of this subunit in the mutant. This is also evident by the very low but detectable COX activity in the mutant (Supplemental Figure S3B) . Radiolabeled Cox1p was detected in the region of D4-1 and D4-2 in the 2D gel of the pet494 mutant but only at background levels, most likely because of the severe reduction of Cox1p translation due to translational down-regulation of this subunit in the mutant ( Figure 6A ). The 2D gel of the pet494 mutant indicated that most of the radiolabeled Cox2p was present in the smaller of the two supercomplexes, in COX, and in the region of D4-1 and D4-2. The last may be complexes of Cox2p and Cox4-HAC that are formed when Cox3p and Cox1p are absent. The native gel of the eluate from the mss51 mutant contained radiolabeled bands of 250 and 300 kDa, which were also present in the pet494 mutant ( Figure 6B ). These bands are unlikely to be C3 and C4 because neither eluate showed an enrichment of Cox3p, and the 2D gel failed to show the presence of Cox3p in the regions corresponding to these two bands ( Figure 6D ). The radioactivity at the position of C4 migrated as high-molecular weight protein similar to the Atp9p ring ( Figure 6D ).
Neither Cox3p nor of any of the radiolabeled complexes seen in the pet494 and mss51 mutants was detected in the antibody eluate of the pet111 mutant ( Figure 6 , E and F) despite the fact that Cox4p-HAC was expressed in this strain (Supplemental Figure S5) . The pet111 mutation blocked translation of Cox2p and in addition completely repressed translation of Cox1p ( Figure 6E ). Although there was modest reduction in the steady-state concentration of Cox4p-HAC in this strain, unexpectedly, the extractability of the protein was dramatically altered. Most of the protein from the respiratory-competent strain W303/COX4-HAC was extracted by digitonin and recovered in the PC eluate. In contrast, essentially none of the Cox4p-HAC in the pet111 mutant was detected in this fraction (Supplemental Figure S5 ).
Cox3p complexes with Rcf1p
Rcf1p is an 18-kDa mitochondrial inner membrane protein that interacts with Cox3p and stabilizes the association of COX with bc1 in the supercomplex but is not essential for COX assembly (Chen et al., 2012; Strogolova et al., 2012; Vukotic et al., 2012) . A yeast strain expressing Rcf1p with a C-terminal HAC tag was previously used to characterize Rcf1p complexes by BN-PAGE (McStay et al., 2013a) . When purified on protein C antibody beads from in vitrolabeled mitochondria, most of the radioactivity was resolved into two bands of 200 and 300 kDa (McStay et al., 2013a; Figure 7, A and D) . The broad band centering at 200 kDa spanned the C2-C3 region, and the 300-kDa band migrated like C4 (Figure 7 , A and E). On longer exposures to x-ray film, some radioactivity was also FIGuRE 6: Cox4p containing intermediates in mutants blocked in translation of Cox1p, Cox2p, and Cox3p. (A) W303-1A (WT) and strains expressing tagged Cox4p in a wild-type background (W303/ COX4-HAC), in a pet494-null mutant deficient in Cox3p (aW303ΔPET494/COX4-HAC), and in a mss51 mutant deficient in Cox1p (W303ΔMSS51/COX4-HAC) were grown in YPGal to early stationary phase in the absence of chloramphenicol. Mitochondria (500 μg of protein) were labeled for 20 min, extracted with digitonin, and purified on protein C antibody beads as in Figure 1A . Samples of the digitonin extracts (11% of total) and eluates (20% of total) from the antibody beads were separated by SDS-PAGE on a 17% polyacrylamide gel and radiolabeled proteins visualized. (B) The remainder of the eluates from the antibody beads in A was separated by BN-PAGE on a 4-13% polyacrylamide gel and radiolabeled proteins visualized. (C, D) W303/COX4-HAC and aW303ΔPET494/ COX4-HAC mitochondria were labeled and purified on protein C beads as in A. The antibody eluates were separated in the first dimension by BN-PAGE on a 4-13% polyacrylamide gel and by SDS-PAGE on a 12% gel in the second dimension. Proteins were transferred to nitrocellulose and exposed to x-ray film. The Cox4p-HAC-containing bands are identified in the upper part of the two gels and the COX subunits in the left-hand margins. The band labeled with a question mark may be related to Cox2p intermediates. (E) The wild-type W303-1A, W303/COX4-HAC, a respiratory-competent strain expressing tagged Cox4p, and W303ΔPET11/COX4-HAC (ΔPET11/COX4-HAC) and aW303ΔPET11/COX4-HAC (aΔPET11/ COX4-HAC), two pet111-null mutants expressing tagged Cox4p, were grown to early stationary phase without chloramphenicol. Mitochondria were labeled and extracted, and Cox4p-HACcontaining complexes were purified on protein C antibody beads as in A. The digitonin extracts and eluates from the antibody beads were separated by SDS-PAGE and radiolabeled bands visualized. (F) The eluates from E were separated by BN-PAGE. detected in the region between C4 and COX and the supercomplexes but not in the C1 region, even when short pulse times were used to label the mitochondrial gene products ( Figure 7E ). The 2D gel revealed that most of the radioactivity was contributed by Cox3p, although the second-dimension gel revealed the presence of a radiolabeled protein that migrated as Cox1p at the position of C2 and of another protein, which migrated as the Atp9 ring at the position of the 300-kDa complex ( Figure 7B ). The possible interaction of a small fraction of Rcf1p with Cox1p and Atp9p was not studied further. It is interesting to note, however, that a band corresponding in its migration to C4 in the eluates from the mss51 and pet494 mutants harboring Cox4p-HAC also contained what appeared to be radiolabeled Atp9p ring ( Figure 6D) .
The rcf1-null mutant expressing Cox4p-HAC grew more slowly on rich glycerol/ethanol than either the strain expressing Cox4p-HAC or the rcf1 mutant alone ( Figure 7C ). The decreased growth can be explained by some reduction of COX as a result of the rcf1-null mutation (Supplemental Figure S6) . This was also evident from the BN-PAGE of the fraction eluted from the protein C antibody beads of the rcf1-null mutant, which revealed a reduction of radiolabel in the two supercomplexes and the D4-1 and D4-2 region ( Figure 7E ). The rcf1 mutant lacked C2 and had a faster-migrating band not seen in the parental strain, which presumably corresponds to the Cox3p intermediate lacking Rcf1p (marked with asterisk in Figure 7E ).
Mitochondria with Rcf1p-HAC were pulse labeled for 5 min and chased for up to 30 min in the presence of puromycin and excess cold methionine plus cysteine. The 5-min pulse resulted in labeling of the 200-and 300-kDa complexes, both of which underwent a modest decrease after a 20-min chase (Figure 7 , F and G). The chase also produced a weak signal in the supercomplexes. The increase of radiolabel in the supercomplexes after the chase was more evident when the pulse was increased to 20 min (Supplemental Figure S4, D-F) .
Considerably more of the C2-C4 intermediates were detected in mitochondria with tagged Rcf1p than those with tagged Cox4p, Cox7p, and Cox13p ( Figure 7A and Supplemental Figure S4 ). This suggested that more Cox3p is complexed to Rcf1p than to the other subunits of COX. This was confirmed by comparing the coadsorption to the antibody beads of newly translated Cox3p from mitochondria with Rcf1p-HAC and Cox4p-HAC ( Figure 7D and Supplemental Figure S7 ). It is unlikely that this difference is due to the pool sizes of unassembled Cox4p and of Rcf1p, as only radiochemical amounts of Cox3p are translated in isolated mitochondria. In both cases, however, only a small fraction of newly translated Cox3p is complexed to either Cox4p or Rcf1p.
DISCUSSION
We previously proposed that COX is assembled not by a single linear pathway but by separate pathways culminating in three modules, each consisting of a mitochondrially encoded core subunit and a unique subset of subunits derived from the nucleocytoplasmic genetic system (McStay et al., 2013c) . The three modules interact with each other at a late stage of the overall process to form the FIGuRE 7: Complexes of Cox3p and Rcf1p. (A) W303-1A (WT) and W303/COX1-HAC, W303/RCF1-HAC, and W303/COX3-HAC expressing tagged Cox1p, Rcf1p, and Cox3p, respectively, were grown to early stationary phase in the absence of chloramphenicol. Mitochondria (500 μg of protein) were labeled for 20 min and extracted with digitonin, and the extracts were purified on protein C antibody beads as in Figure 1A . Half of the eluate was separated by BN-PAGE on a 4-13% polyacrylamide gel. (B) The eluate from W303/ RCF1-HAC was separated by BN-PAGE on a 4-13% polyacrylamide gel and by SDS-PAGE on a 12% polyacrylamide gel in the second dimension. (C) The indicated strains were serially diluted and spotted on rich glucose (YPD) and rich glycerol plus ethanol media. The plates were incubated for 28 h at 30°C. (D) W303-1A (WT), W303/RCF1-HAC expressing Rcf1p-HAC, W303/COX4-HAC expressing Cox4p-HAC, and W303ΔRCF1/COX4-HAC (ΔRCF1/COX4-HAC), an rcf1-null mutant expressing Cox4-HAC, were grown in YPGal without chloramphenicol and mitochondria labeled as in Figure 1A . Mitochondria were extracted with digitonin and purified on protein C antibody beads. The extracts (11% of total) and eluates from the antibody beads (20% of total) were separated by SDS-PAGE on a 17% polyacrylamide gel. (E) The eluates from D (60% of total) were separated by BN-PAGE. (F, G) W303-1A (WT) and W303/RCF1-HAC, expressing tagged Rcf1p, were grown to early stationary phase in YPGal without chloramphenicol. Mitochondria (1 mg of protein) were labeled for 5 min as in Figure 1A and chased for 20 min after addition of puromycin and cold amino acids. Mitochondria in the pulsed and chased samples were extracted with digitonin and purified on protein C antibody beads. The eluates (14% of total) from the antibody beads were separated by SDS-PAGE on a 17% polyacrylamide gel and radiolabeled proteins visualized. (G) The eluates (78% of total) from F were separated by BN-PAGE.
(Supplemental Figure S2) . Although the differences in intermediate pool sizes can help to explain the apparent lower incorporation of Cox1 and Cox2p into the holoenzyme, alternative explanations of subunit exchange, the presence of partially assembled COX in the supercomplexes, or a combination thereof cannot be excluded by our results.
The C1-C3 subassemblies were also immune purified from mitochondria expressing tagged Cox4p, indicating that this nuclear-encoded subunit is part of the Cox3p module. The radiolabel in C1-C3 of mitochondria containing COX4-HAC decreased after the chase, with a concomitant larger increase in COX and the supercomplexes. The 2D gels of the samples that had been labeled for 20 min and analyzed either directly or after a 30-min chase revealed a decrease of radiolabeled Cox3p in C2 and C3 and an increase in the supercomplexes, confirming that these subassemblies are precursors of COX. Although radiolabeled Cox3p increased in COX and the supercomplexes after the chase, there was an even larger increase of Cox1p. These results are consistent with time-dependent assembly of Cox1p and Cox3p modules into COX and of the latter into the supercomplexes. C1, the smallest subassembly, detected in short pulses was also decreased during the chase, suggesting that it too is an assembly intermediate.
Similar results were obtained with mitochondria of strains expressing tagged Cox7p and Cox13p, although the efficiency of recovery of these complexes from the protein C antibody beads was holoenzyme (McStay et al., 2013a,c) . The results of the present study are consistent with this model (Figure 8) .
Newly translated Cox3p is detected in COX, the supercomplexes, and three subassemblies ranging from 100 to 200 kDa in mass. These complexes, referred to as C1-C3, are distinct from Cox1p intermediates in their electrophoretic properties. A fourth complex of ∼300 kDa is also observed, although it is not present among the subassemblies pulled down from mitochondrial extracts containing Cox7p-HAC and Cox13-HAC. The assignment of this complex as a Cox3p intermediate is, therefore, questionable at present. A chase in the presence of puromycin and cold amino acids resulted in decrease of radiolabeled C1-C3 and increase in the supercomplexes, suggesting that the subassemblies are precursors of COX. However, unlike the Cox1p intermediates, some of which are present in sufficiently high concentrations for immunological detection, the Cox3p subassemblies are much less abundant and observable only as radiochemical species. The low concentration of Cox3p relative to Cox1p and Cox2p intermediates can explain what appears to be a disproportionately lower incorporation of newly translated Cox1p and Cox2p into COX and the supercomplexes, as the specific radioactivity of the intermediates formed from these subunits would be expected to be diluted by the large preexisting pools of nonradioactive intermediates. In this connection it is significant that a more stoichiometric incorporation of all three subunits into the supercomplexes is seen in pull downs with tagged Cox2p-HAC has not yet been analyzed. D3, the most abundant Cox1p intermediate, is indicated to interact with Cox4p to produce D4-1 and D4-2, which were previously identified as D4 (McStay et al., 2013a,c) . The order in which the modules interact with each other to form the holoenzyme is not known.
Our evidence indicates that most of Rcf1p is complexed to Cox3p in two complexes that migrate as C2 and C4. Because of the broad nature of the C2 band, we cannot exclude that Rcf1p may also be present in C3. Pull-down assays indicate that some Rcf1p is also present in the supercomplexes and perhaps COX. The absence of radiolabeled C1 in eluates from the antibody beads after short pulse labeling of mitochondria of strains expressing Rcf1p-HAC indicates that this protein is unlikely to be a component of this complex. In agreement with earlier results (Chen et al., 2012; Strogolova et al., 2012; Vukotic et al., 2012) , our data indicate that Rcf1p is not essential for COX assembly. Rcf1p, however, does affect the assembly of COX to some degree, as reflected by the slower growth rate on respiratory carbon sources and measurable decrease of COX in the rcf1-null mutant. The rcf1 mutant is completely deficient in C2 and has a novel band of ∼150 kDa, which probably corresponds to this intermediate without Rcf1p. This suggests that C2 lacking Rcf1p is competent in assembling with the other COX modules, albeit not as efficiently as the native complex with Rcf1p.
MATERIALS AND METHODS
Strains and growth media
Supplemental Table S1 lists the genotypes and sources of the S. cerevisiae strains used in this study. The compositions of solid and liquid yeast extract/peptone/dextrose (YPD), yeast extract/peptone/ galactose (YPGal), and (yeast extract/peptone/glycerol/ethanol (YEPG) have been described (Myers et al., 1985) Construction of COX3-deletion allele The 5′ and 3′ untranslated regions (UTRs) of COX3 were amplified from mitochondrial DNA (mtDNA) of MR6 (Rak et al., 2007) with primer pairs cox3-9/cox3-5n and cox3-7/cox3-10, respectively (Supplemental Table S2 ). The products were digested with combinations of SacI plus BamH1 and BamH1 plus XbaI. The two fragments were ligated to pJM2 (Mulero and Fox, 1993) digested with SacI plus XbaI. The resultant plasmid (pCOX3/ST4) contained the 5′ and 3′ UTRs of COX3 separated by a BamH1 site. After digestion with BamH1, this plasmid was ligated to a 1.3-kb BamH1 fragment containing recoded ARG8 m (Steele et al., 1996) to obtain pCOX3/ST5 with the cox3::ARG8 m null allele. The cox3::ARG8m allele in pCOX3/ ST5 was first introduced into DFKρ o , a kar1 mutant lacking mtDNA, by biolistic transformation (Bonnefoy and Fox, 2007) . This ρ− mutant was subsequently used to substitute the mutant for the wild-type COX3 gene by homologous recombination in strain MRS-3A and MRSI o with wild type and an intronless mitochondrial genome, respectively. The resultant respiratory-deficient mutants aMRSΔCOX3 and aMRSI o ΔCOX3 were verified genetically to harbor the cox3-null allele.
Construction of COX3-pH and COX3-HAC fusion genes
To obtain the hybrid gene expressing Cox3p with a C-terminal polyhistidine tag (COX3-pH), mtDNA of MR6 was PCR amplified with primer pairs cox3-9/cox3-9n and cox3-10n/cox3-10 and the resultant fragment digested with SacI plus KpnI and KpnI plus XbaI, respectively. The digested fragments were ligated to pJM2 digested with SacI plus XbaI to yield pCOX3/ST6 with the COX3-pH hybrid gene. This plasmid was used to obtain DFK/COX3-pH by biolistic transformation of DFKρ o . The COX3-pH gene was recombined with the cox3::ARG8 m null allele by crossing the kar1 strain DFK/COX3-pH to aMRSΔCOX3. Recombinants were enriched by first selecting respiratory-competent cells on YEPG. Single colonies were then crossed to an α-mating-type haploid tester less than with Cox4p-HAC. The enrichment on the antibody beads of radiolabeled C1-C3 that are chased into COX and the supercomplexes indicated that Cox7p and Cox13p are also part of the Cox3p module (Figure 8) . Because of the poor recovery of Cox9p-HAC and Cox12p-HAC from antibody beads, the presence or absence of these subunits in the Cox3p module remains to be established. The fact that Cox12p, like Cox4p, Cox7p, and Cox13p, has interfaces with Cox3p suggests that this protein may also be a component of the Cox3p module. The lack of homology between yeast and mammalian Cox9p, which interacts with Cox2p (Tsukihara et al., 1996) , precludes an assignment of this subunit to either Cox2p or Cox3p assembly intermediates. The subunit composition of the Cox3p module, combined with the previous assignments of nuclear-encoded subunits to the Cox1p module (McStay et al., 2013a) , leaves only two subunits (Cox9p and Cox12p) as possible candidates to be part of the Cox2p module.
In addition to C1-C4, pull-down assays of tagged Cox4p uncovered a larger subassembly, which contained newly translated Cox1p instead of Cox3p. When separated on a 2D gel, this complex separated into two close but distinct bands, designated as D4-1 and D4-2. The size and presence in D4-1 of Cox1p but not Cox3p suggest that it probably corresponds to the previously reported Cox1p intermediate D4, which overlaps partially with the more abundant Cox1p intermediate D3 (McStay et al., 2013a,c) . In view of the presence of Cox1p in D4-2, it is not clear why this complex was not detected previously on native gels of the antibody eluate purified from mitochondria with tagged Cox1p. The native gel of the eluate with Cox1p-HAC contains radiolabeled material in the D4-2 region, which does not migrate as a distinct band (McStay et al., 2013a; Figures 1B and 2A) . A possible explanation is that unlike Cox4p-HAC, tagged Cox1p-HAC in this complex is not available to the antibody.
Pulse-chase labeling experiments revealed an increase of Cox1p in the D4-1 and D4-2 complexes as well as in COX and the supercomplexes during the chase period. This is consistent with previous results indicating that Cox1p-HAC translated during a short pulse is chased from smaller intermediates into D4 (McStay et al., 2013c) . The presence of Cox4p in subassemblies containing Cox3p or Cox1p, exclusive of each other, suggests that this structural subunit can be recruited by either module. Whether one pathway is preferred over another cannot be inferred from current data. It is also possible that the C1-C4 or the D4-2 and D4-1 complexes may be heterogeneous with respect to Cox4p. If addition of Cox4p to COX can be mediated by either the Cox3p or the Cox1p module, the more likely scenario is that a module with the Cox4p subunit, whether Cox3p or Cox1p, partners with the complementary module lacking it.
Mutations in either pet494 or pet111, which block translation of Cox2p and Cox3p, respectively, reduce translation of Cox1p. This is even more evident in the pet111 than in the pet494 mutant. Both mutants, however, are able to form all of the Cox1p intermediates in a ratio similar to those present in a respiratory-competent strain (McStay et al., 2013a ). The present study shows that the converse is not true. The mss51 mutant lacked the C2 intermediate, and although the blue native gel indicated the presence of radioactive bands with migrations similar to C3 and C4, no Cox3p was detected at those positions in the 2D gel, suggesting that they may be unrelated. The pet111 mutant was deficient in C2-C4 intermediates, even though this mutant is known to translate Cox3p (Poutre and Fox, 1987) . These observations raised the interesting possibility that the Cox3p biogenesis pathway may be regulated by Cox1p and Cox2p.
with complementary auxotrophic markers and replicated on minimal glucose to distinguish diploid and haploid cells.
The second gene construct was designed to express Cox3p with an N-terminal double HAC tag consisting of the HA followed by the protein C tag. This construct entailed PCR amplification of two fragments. The first, obtained with primers cox3-20 and cox3-21, contained the COX3 5′ UTR plus a methionine codon followed by part of the sequence coding for the protein C tag. The second fragment was amplified with primers cox3-15 and cox3-4. This fragment contained the rest of the sequence for the protein C tag followed by two glycine codons, the HA tag, and the entire COX3 coding sequence minus the initiation codon and terminating with the 3′ UTR of the gene. After digestion of the first and second fragments with combinations of SacI plus ClaI and ClaI plus PstI, respectively, they were ligated to pJM2 (minus the extra PstI site) digested with SacI and PstI. The plasmid pCOX3/ST10 was verified to contain the correct insert and was introduced into the kar1 strain 
Construction of the Cox2p-HAC allele
The sequence coding for the HAC double tag was ligated to the 3′ end of the COX2 by PCR amplification of the gene by a strategy similar to that used to construct the Cox1p-HAC allele (McStay et al., 2013c) . The kar1 strain DFK/COX2-HAC containing the COX2 fusion gene was crossed to a cox2-null mutant kindly provided by Thomas Fox (Cornell University, Ithaca, NY) and recombinants selected for the loss of the ARG8m disruptor of COX2 and the acquisition of growth on nonfermentable carbon sources. Several clones were verified by sequencing to have the COX2-HAC allele in their mtDNA.
Growth of yeast, isolation of mitochondria, and labeling of mitochondrial gene products Yeast were grown in 2% galactose, 2% peptone, and 1% yeast extract (YPGal) to early stationary phase. In a few experiments, cells were transferred to fresh YPGal containing 2 mg/ml chloramphenicol and grown for an additional 2 h. Mitochondria (250 μg of protein) isolated by the method of Herrmann et al. (1994) were labeled in a final volume of 85 μl for 20 min with a mixture of [ 35 S]methionine/cysteine (3000 Ci/mmol; MP Biochemicals, Solon, OH) at 24°C as described previously (Rak et al., 2011) . Translation was stopped by addition of 4 μg of puromycin and 0.04 μmol of methionine and cysteine, and incubation was continued for an additional 10 min. The mitochondria in the translation buffer were mixed with 80 μl of 4% digitonin in extraction buffer (Wittig et al., 2006) and phenylmethanesulfonyl fluoride to a final concentration of 1 mM. After centrifugation at 90,000 × g av for 10 min the supernatant was added to 30 μl of packed protein C antibody beads (Anti-Protein C Affinity Matrix; Roche Applied Science, Indianapolis, IN) that had been washed in PC wash buffer (20 mM Tris-Cl, pH 7.5, 2 mM CaCl 2 , 0.2 M NaCl) and rotated at 4°C for 90 min. The beads were washed four times with 0.5 ml of wash buffer containing 0.5% digitonin. The protein adsorbed on the beads was eluted at 4°C by rotating with 70 μl of elution buffer (20 mM Tris-Cl, pH 7.5, 7 mM EDTA, 0.2 M NaCl, and 0.5% digitonin). Part of the eluate (20%) was mixed with Laemmli sample buffer and separated by SDS-PAGE on a 17% polyacrylamide gel. The remaining sample was
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This research was supported by National Institutes of Health Research Grant GM50187. mixed with BN-PAGE sample buffer (Wittig et al., 2006) and separated on a 4-13% gel.
Miscellaneous procedures
Standard methods were used for the preparation and ligation of DNA and transformation of Escherichia coli (Sambrook et al., 1989) . Yeast was transformed by the lithium acetate method of Schiestl and Gietz (1989) . Proteins were separated either by SDS-PAGE on 12 or 17% polyacrylamide gels in Laemmli buffer (Laemmli, 1970) or by BN-PAGE on 4-13% polyacrylamide gels (Wittig et al., 2006) . Western blots were treated with monoclonal or polyclonal antibodies followed by a second reaction with anti-mouse or anti-rabbit immunoglobulin G conjugated to horseradish peroxidase (SigmaAldrich, St. Louis, MO). Proteins were detected with SuperSignal Chemiluminescent Substrate Kit (Pierce, Rockford, IL). In-gel cytochrome oxidase activity was assayed on digitonin extracts and eluates from protein C antibody beads from 50 μg of starting mitochondrial protein. The gel was immersed in a solution containing 0.5 mg/ml 3,3′-diaminobenzidine and 1 mg/ml horse heart cytochrome c for several hours. Protein concentrations were estimated by the Lowry procedure (Lowry et al., 1951) .
